The Liquid Scintillator Neutrino Detector (LSND) at the Los Alamos Meson Physics Facility sets bounds on neutrino oscillations in the appearance channel ν µ → ν e by searching for the signature of the reaction ν e p → e + n : an e + followed by a 2.2MeV gamma ray from neutron capture. Five e ± -γ coincidences are observed in time with the LAMPF beam, with an estimated background of 6.2 events. The 90% confidence limits obtained are: ∆m 2 < 0.07eV 2 for sin 2 2θ = 1, and sin 2 2θ < 6 · 10 −3 for ∆m 2 > ∼ 20eV 2 .
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The phenomenon of neutrino oscillations [1] is a sensitive probe of finite masses in the neutral lepton sector, the only remaining elementary fermions with unknown masses.
With a few simplifying assumptions, the probability, P, of oscillations ν µ −→ ν e can be written P νµ→νe = sin 2 (2θ) sin The Liquid Scintillator Neutrino Detector (LSND) was built at the Los Alamos Meson
Physics Facility (LAMPF) in part to search for oscillations ν µ −→ ν e . The ν e is detected via the weak charged current interaction ν e p → e + n. For ν e resulting from the ν µ from muon decay at rest, this interaction will produce a continuous positron spectrum up to 50MeV, which can be loosely tagged by a delayed time coincidence with the 2.2MeV γ ray emitted after neutron capture on hydrogen in the detector mineral oil. Since the detector is insensitive to the charge of a particle, the search is performed above the 35MeV endpoint of the abundant reaction ν e 12 C → e − 12 N.
LAMPF produces neutrinos from the decay of pions and muons. The predominant processes are π + → µ + ν µ and µ + → e + ν µ ν e , the decay of negative particles being suppressed by the high probability of nuclear capture. Measured pion cross sections, [2] are used in the neutrino beam simulation, [3] which predicts a total flux of ν µ from µ decay at rest of 3 · 10 13 ν µ /cm 2 at the center of LSND for the 3.5 months of data analyzed, with an estimated absolute uncertainty of 7% and Φ νe /Φ νµ ≈ 4 · 10 −4 . The neutrino beam also allows a search for ν µ −→ ν e oscillations [4] and ν µ quasielastic interactions [5, 6 ] because a few percent of π + decay in flight giving a directed beam of higher momentum ν µ . Data for that search are not analyzed here, but the high energy ν µ contribute to a potential background source. time. This product is corrected for an observed energy dependence based on studies of the cosmic ray muon decay electron sample. Selection based on this parameter is 89% efficient in accepting e ± and 99% efficient in rejecting heavy backgrounds.
LSND took data for 6 weeks in a preliminary run in 1993, with a ν µ flux of 9 · 10 12 ν/cm 2 , after which the configuration of the active veto system was slightly changed, the last of the passive shielding was added, and the electronics were modified to linearize the energy response of the detector. This change in the energy response changes the energy dependence of the particle identification scheme, contributing to the incompatibility of the data from the early run and the 3.5× larger data set from a 1994 run. Only 1994 data are used in this analysis.
The properties of neutron capture gamma rays can be studied using the large flux of cosmic ray neutrons and the 186µs capture time of neutrons in mineral oil. Requirements are placed on the energy of gamma rays, their time of occurrence and distance relative
to the e ± . It is required that the reconstructed relative distance be less than 2.4m (The reconstruction error on gamma rays is approximately 1m.), the relative time less than 750µs (≈ 4 capture times), and that the gamma-ray exhibit at least 26 detector PMT hits. The efficiency for the detection of a capture gamma-ray from a neutron coming from a signal event is 60%. (See Table II for the individual efficiencies.) The measured probability of an accidental e ± -γ coincidence passing the selection criteria is 12%. the final e ± selection criteria except a later, tighter fiducial volume requirement, and all (189) gamma rays associated with these e ± . These events are the exact beam-on complement of those shown in Fig. 1 . Any ν µ −→ ν e oscillation signal must emerge from the events in Fig. 2 , after the background indicated in Fig. 1 is properly subtracted, and an e ± -γ coincidence required.
The inhomogeneity of the background in Fig. 1 and of the potential signal in Fig. 2 requires confining the fiducial volume to a region of the detector which is not only more background free, but within which there are no strong gradients of event density. Since the backgrounds for both e ± and for coincident γ are inhomogeneous, and both enhanced at the bottom of the detector, the distribution of distance between primaries and accidentally coincident gamma rays will not be constant throughout the detector. This problem is addressed both by tightening the region analyzed, and by the requirement that coincidences pass each of the separate criteria on e ± -γ relative time and distance, and gamma ray energy.
A region is chosen, in part from the data in Figs with low energy gamma radiation in the detector. These include ν µ e → ν µ e and ν e e → ν e e, ν e 13 C → e − 13 N, with an endpoint of about 50MeV, and ν µ 12 C → µ − X (from higher energy neutrinos from pion decay in flight) where the muon is undetected. There are also expected to be e − from ν e 12 C → e − 12 N which have energy measured within 1σ of the reaction endpoint of 35MeV. The excess of e ± (beam-on -beam-off) satisfying all the e ± selection criteria, but without a coincident gamma-ray is made up of these events (without an accidental gamma-ray) plus any beam related e ± missing a real gamma-ray coincidence.
Both the accidental coincidence probability and the beam excess of neutrino-induced e ± are measured. The background from beam induced e ± in accidental coincidence with a gamma ray is calculated from these measurements as 2.5 ± 0.9. There is an expected background of events from ν e contamination from µ − decay in the beam stop of about 0.3 events. Other backgrounds have been calculated, and are all found to be relatively low.
These results are stable against variation of the above selection requirements. For example, extending the region analyzed to y = −100cm, i.e. 50cm lower (≈ 1.2 times the fiducial volume above) leaves 7 beam-on events with a background of 8.7 events. Similarly, tightening the requirement on the e-γ relative distance to 1m (from 2.4m) leaves only 2 beam-on events with a background of 1.5, or, setting the limit on relative time to 375 (from 750µs) leaves 1 event with a background of 3.5.
Major backgrounds are summarized in Table II . The total background of 6.2 events leaves no apparent signal for ν µ −→ ν e oscillations. The resulting limits on the oscillation parameters ∆m 2 and sin 2 2θ based on this number of events are shown in Fig. 4 . The 90% confidence limit is sin 2 2θ < 6 · 10 −3 for ∆m 2 > ∼ 20eV 2 and ∆m 2 < 7 · 10 −2 eV 2 at sin 2 2θ = 1.
Ignoring all beam-related backgrounds gives the high ∆m 2 90% C.L.: sin 2 2θ < 8 · 10 −3 .
Study of the data for the search for ν µ −→ ν e oscillations from the LAMPF pion decay in flight neutrino beam [4, 5] is in progress. Beam-unrelated background 3.3 ± 0.5
Beam induced e ± with accidental γ 2.5±0.9
µ − → ν µ ν e e − ν e p → e + n 0.3 ± 0.1 π − → e − ν e ν e p → e + n < 0.01 π → µν µ in flight 
